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The hydrochemical behavior of Rare Earth Elements (REE) is strongly influenced by their solution speciation [1, 2] . Due to the complexation of REE by a large variety of ligands, only a small fraction of each REE occurs as free hydrated ions (Ln 3+ -Ln as lanthanide) in circumneutral waters. In circumneutral waters, REE are mostly bound to humic substances (HM) such as fulvic acids (FA) and humic acids (HA) [3] [4] [5] . By contrast, in alkaline waters with high carbonates concentrations, REE complexation is generally dominated by carbonate complexes as LnCO 3 + and Ln(CO 3 ) 2 - [2, 5] . However, competition reactions between carbonates and organic matter for REE complexation have not yet been experimentally constrained. At present, accurate models of REE chemistry in natural waters are only dependent on experimentally determined (i)
REE carbonates complexation constants [6] [7] [8] [9] [10] [11] [12] and (ii) REE humic substances constants [13] [14] [15] .
However, since there is no experimental data about the competition between carbonates and organic matter for REE complexation, an important piece of information is missing.
Previous studies [5, [16] [17] [18] based on speciation calculation of some REE (e.g., La However, as discussed by these authors themselves, speciation calculations may underestimate the LnHM complexes, especially at alkaline pH (> 8). They suggest that this could have significant effects on ternary inorganic-colloid-HM-Ln interactions [17, 19, 20] . They also suggested that Ln speciation would be dominated by interactions with humic material. The lack of experimental data regarding LnHM interactions at neutral-to-alkaline pH leads to extrapolation and the speciation results obtained for alkaline waters should be regarded with caution [18] . Takahashi et al. [21] These experiments were designed to elucidate the pH range where REE-humate complexes would be dominant in natural organic-rich waters for various alkalinity concentrations and test whether significant formation of ternary complexes can take place in such conditions. Moreover, Humic Ion Binding Model VI included in WHAM 6 -a model that does not considered ternary surface complexes -was used to model the binding of lanthanides to humic substances [22] . This study should also evidence the ability of the newly determined HA-REE binding constants [15] to accurately predict the speciation of REE in alkaline waters.
0DWHULDOV DQG 0HWKRGV
Experimental Binding of Rare Earth Elements by Humic Acid and Carbonates
All chemicals used were of analytical grade, and all the experimental solutions were prepared with doubly deionized water (MilliQ system, Millipore™). Complexes were prepared in polyethylene containers previously soaked in 10 % Ultrapure HNO 3 for 48 h at 60 °C, then rinsed 5 with MilliQ water for 24 h at 60 °C to remove all possible REE contamination sources. Synthetic REE solutions were prepared from nitrate REE standards (10 ppm, Accu Trace ™ Reference Standard). All experiments were carried out at room temperature, i.e. 20 °C ± 2.
+XPLF DFLG
Purified humate, referred to below as HA (humic acid), was obtained from Aldrich™ humic acid (Aldrich™, H1, 675-2) following the protocol described by Vermeer et al. [23] . HA sample was freeze-dried and stored in a glass container at room temperature. HA obtained was ash free and in its protonated form, with the following elemental composition (in weight percent): C = 55.8 %, O = 38.9 %, H = 4.6 %, N = 0.6 %. REE concentrations in HA were below the detection limit of ICP-MS method (i.e. below 1 ppt). HA has a mean molecular weight of 23 kDa [23] . Prior to use, the freeze-dried humate was resuspended overnight in an 0.001 mol L -1 NaCl electrolyte solution at pH = 10, to ensure complete dissolution of the sample [24, 25] .
([SHULPHQWDO VHWXS
REE complexation with HA and carbonates was investigated using a standard batch equilibration technique. 100 mL of solutions were prepared with 50 ppb of each REE (e.g., 360 (for Ho) and 99.98 % (for Yb) of the REE present in solution were recovered in the ultrafiltrates, demonstrating that none REE were adsorbed either on the membranes or on the walls of the cell devices.
Amount of REE complexed with HA correspond to the difference between the initial REE concentration and the remaining REE concentration into the < 5 kDa ultrafiltrates. REE concentrations were determined by using an Agilent Technologies ™ HP4500 ICP-MS instrument.
Quantitative analyses were performed using a conventional external calibration procedure. Three external standard solutions with REE concentrations similar to the analyzed samples were prepared from a multi-REE standard solution (Accu Trace ™ Reference, 10 mg L -1 , USA). Indium was added to all samples as an internal standard at a concentration of 0.87 µmol L -1 (100 ppb) to 7 correct for instrumental drift and possible matrix effects. Indium was also added to the external standard solutions. Calibration curves were calculated from measured REE/indium intensity ratios. The instrumental error on REE analysis in our laboratory as established from repeated analyses of multi-REE standard solution (Accu Trace ™ Reference, USA) and of the SLRS-4
water standard is below ± 2 % [4, 25] . Chemical blanks of individual REE were all lower than detection limit (1 ppt), which is negligible since they are three to four orders of magnitude lower than the concentrations measured in the synthetic solutions used for the complexation experiments. DOC concentrations were determined using a Shimadzu 5000 TOC analyzer. [22] . Then, a single adjustable parameter (log K MA ) is necessary to fully describe metal binding. Generic parameters for HA are presented in Table 1 . WHAM 6 databases were modified and included new log K MA for REE complexation with humic acid [15] and wellaccepted, infinite dilution (25°C) stability constants for REE carbonates complexes [11] .
([SHULPHQWDO 5HVXOWV
Experimental data are reported for three REE (La, Eu and Lu) in Table 2 and illustrated in concentrations (as regards to speciation calculations < 0.2 % and < 3.8 % of the inorganic fraction for La, respectively). Two REE-carbonate complexation reactions are considered in Fig.   1 whereas humic complexation are described by the following equation:
As shown in Figure 1 Information about ternary complex formation in the literature is scarce, especially concerning REE. Even if such a mechanism was suggested for REE (e.g., [17] ), only a few experimental studies brought direct evidence for possible formation of such complexes [19, 20] .
Dierckx et al. [19] provided evidence for mixed-ligand complex formation of Eu 3+ with humic acid and inorganic ligands (i.e., CO 3
2-
). However, the interpretation of Dierckx et al. [19] left some open questions, as they observed formation of either M-HA or M-HA-L complexes formed across the whole range of L concentrations, without observing the formation of M-HA-L¡ complexes. These observations are unusual with respect to common experiences found with inorganic ligands and oxide-based surfaces (e.g., [26] ). Moreover, Glaus et al. [27, 28] have
shown that the formation of mixed-ligand-humic complexes is rather weak as compared to the formation of simple ligand-complexes with inorganic ligands. Ternary-humic complexes appear thus less important than predicted by the data of Dierckx et al. [19] .
A possible explanation for the absence of ternary complex formation in the present work might be the electrostatic repulsion between the negatively charged HA and Ln-CO 3 . Due to the polyelectrolyte character of HA, this repulsion is stronger than that occurring between lowmolecular weights ligands. Schindler [26] reported that ternary complexes with SiO 2 and TiO 2 surfaces are rather weak. Both surfaces are negatively charged at the pH of Schindler's experiments and can therefore be considered as analogues to HS. Ternary surface complexes are thus not as important as previously stated and do not need to be considered in REE speciation calculation in systems dominated by organic and alkaline water.
Competition between humic acid and carbonates for REE complexation
In order to further constrain the competition between humic acid and carbonates for REE complexation, calculation using Model VI in WHAM 6 were performed. Calculations were conducted using Model VI in which a new determined log K MA dataset for HA-REE complexation was integrated [15] . alkalinity. However, the observed experimental "bump" is not modelled by Model VI. This is due to the fact that only Ln complexation with two CO 3 2-is predicted whereas Ln complexation with a single CO 3 2-is overwhelmed by competition with HA ( Fig. 1.2) . Comparison between experimental and calculated values evidences that Model VI slightly underpredicts (0 to 11 %) REE complexation by carbonate (Figs. 1.2a, b and c) . Root mean square error (rmse) values represent the sum of the squares of the difference between observed and calculated values. As indicated by the rmse systematically below 0.06 ( Fig. 1.2) , fits can be considered of good quality, even if rmse values increase when competition between HA and carbonates is more developed (i.e., for alkalinity of 10 -2 mol L -1 ). Overall, it is clear that LREE to Middle REE (MREE) are strongly bound to HA whereas HREE are more shared between HA and carbonate fractions.
More in detail, pH is a crucial parameter affecting binding, since it regulates competition between HA and carbonates. Carbonate complexation mostly affects REE speciation in alkaline waters (pH above 8.5). These observations validate both the use of Model VI [22] and of the log K MA (REE-HA) dataset determined by Pourret et al. [15] to confidently predict REE speciation in natural alkaline waters. As stated by Tipping [22] , an important issue in increasing There is no evidence of any ternary surface complex as previously proposed (e.g., [19] ). These experiments elucidate the pH range where humate complexes could be the dominant species of REE(III) in natural organic-rich waters, for various alkalinity concentrations.
Carbonates are the only REE predominant species for HREE at higher alkalinity concentrations, above pH 8.5. A fractionation develops between LREE and HREE relative to REE complexation to carbonates, especially at higher alkalinity. Modelling calculations were performed with Model VI [22] . Calculations were consistent with experimental result, namely the pH-and carbonate concentration-dependence. The results show the influence of the competitive reactions between carbonates and HA for REE complexation at alkaline pH. All these observations allow validating the log K MA (REE-HA) dataset [15] that can be, therefore, used with confidence to predict REE speciation in natural alkaline waters. They also evidence the reliability of WHAM 6
and Model VI in calculating the speciation of REE with organic matter in alkaline organic richwater, as ternary surface complexes do not need to be modelled. Overall, the results of this study suggest that further considerations about organic matter should be taken into account especially at alkaline pH in organic-rich waters. 7DEOHV DQG )LJXUHV &DSWLRQV Table 1 . Model VI parameters for humic acid [22] . Table 2 . Proportion of Ln species in the ultrafiltrate. 
